ABSTRACT Dual active bridge (DAB) dc-dc converters have several attractive features including autoadjust bidirectional power flow, wide voltage gain range, and zero voltage switching (ZVS)-on capability. Various applications based on DAB including solid-state transformer in power grids and traction, energy storage system, and electric vehicle on-board chargers have been proposed by academics. Nevertheless, industrial applications based on DABs are still seldom mainly due to the circulating current and loss of ZVS problems under certain load and voltage gain conditions. There is an intensive research effort underway to solve these problems recently. This paper presents the state-of-the-art view in the cause of circulating current and loss of ZVS and surveys the solutions to these problems.
I. INTRODUCTION
The last decade has seen explosive growth in renewable energy including wind, solar, biomass, tidal, geothermal etc. Led by wind and solar power, renewable energy accounted for almost a third of the increase in primary energy in 2016 [1] . The renewable energy is distributed and intermittent by nature, and the existing power system infrastructure cannot cope with its high penetration. To overcome these problems, a series of technologies including energy storage systems (ESSs) and micro-grids are introduced. ESSs such as batteries, super-capacitors and flywheels can compensate the fluctuations and maintain a smooth and continuous power flow. A micro-grid can be regarded as a controlled cell within the power system that can be operated as a single aggregated load or source. Different levels of micro-grids are hierarchically interconnected and formed the future ''smart grid'' [2] - [4] . Micro-grid/smart-grid is a promising solution to transform the distribution grids from conventional central energy production and unidirectional flow, to de-central energy production and bidirectional flow [2] , [5] .
In both ESSs and micro-grids, isolated bidirectional dc-dc (IBDC) converters are usually required. For ESSs such
The associate editor coordinating the review of this manuscript and approving it for publication was Ahmad Elkhateb. as batteries and super capacitors, an IBDC is utilized as an interface to allow energy exchange between ESSs and the rest of the system. For micro-grids, IBDCs are stacked and operate as the so-called solid state transformer (SST), to manage the power flow between micro-grids and the upstream distribution grid [6] . In these applications, the transformer in an IBDC provides necessary galvanic isolation and/or voltage matching.
Various IBDC topologies have been proposed, including bidirectional resonant converters, dual flyback, dual-Cuk, dual-push-pull, dual active bridge (DAB) [7] . For the ESSs and micro-grids applications, the DAB (Fig. 1) proposed by Doncker et al. [8] , [9] is one of the most promising topologies for the following reasons:
• Auto-adjust bidirectional power flow, ideal for SSTs and ESSs in micro-grids that requires fast power flow direction transition.
• Wide voltage conversion gain range, excellent to interface ESSs such as batteries or super-capacitors, whose voltage can vary significantly under different states of charge.
• Zero voltage switching (ZVS) capability, able to achieve high efficiency with proper control. Various applications employing DABs have been proposed. SSTs based on DABs in power grids have been introduced to interconnect different scale micro-grids [6] , [10] , [11] or to connect different level of dc grids [12] - [17] . Power electronic traction transformer (PETT) using DABs can reduce the weight, add additional functionalities and improve energy efficiency compared to on-board line frequency transformer [18] - [21] . DAB is also a promising solution for on-board battery chargers in plug-in electric vehicle (PEV), especially when the vehicle-to-grid (V2G) function is required [22] - [25] . With wide bandgap devices and sinusoidal charging [22] , high power density (3.3kW/L) and high efficiency (> 97%) [25] can be achieved. Other applications including ESS interface converters [26] , [27] , airborne wind turbine [28] , uninterrupted power supply (UPS) [29] , and power load emulator [30] have also been reported.
Most of these applications, however, are constrained in the academia, there are still seldom products found in industry. The primary reasons are the large circulating current and loss of ZVS under unmatched gain and light load conditions, which can significantly decrease the efficiency. The circulating current, similar to the reactive current in power system, does not transfer any energy, but increases power device conduction losses and transformer copper losses. The loss of ZVS-on, on the other hand, will significantly increase the switching losses, especially under high frequency applications. There is an intensive research effort underway to solve these problems recently. This paper comprehensively explains the reasons of circulating current and loss of ZVS-on, and reviews the recent solutions to these problems. Compared to the existing reviews [7] , [31] , this paper provides a more in-depth analysis and recent progress for DAB on circulating current suppression and ZVS-on.
II. CIRCULATING CURRENT SUPPRESSION
As shown in Fig. 1 , a DAB consists of two H-bridges located on the primary and secondary sides of a transformer. The transformer provides the isolation and voltage matching between the low-and high-voltage buses. The transformer leakage inductance (or plus an additional inductor) serves as the instantaneous energy storage element [32] . A DAB can be simplified as Fig. 1 (b) assuming ideal power semiconductor devices and transformer.
The output voltage and power of a DAB are normally regulated by shifting phases of the square voltage generated by H-bridges (v ab and v cd in Fig. 1 ). The simplest modulation principle is illustrated in Fig. 2 (a) , in which v ab and v cd are with constant 50% duty cycle and only their phase difference is manipulated to regulate the output voltage [9] . This modulation method is termed as the single phase shift (SPS) [33] .
When a DAB modulated using SPS, the inductor current i L involves a portion of reverse current (orange shaded area in Fig. 2 (a) ) that transmits power backwards, and i L has to increase its forwarding part (gray shaded area) to maintain the certain transmitted power. The orange and gray shaded portion currents are called circulating current (or reactive current) in a DAB. Similar to the reactive current in an ac grid, the circulating current does not transfer any energy, but produces power device conduction losses and transformer copper losses.
The amount of circulating current is closely related to voltage gain M , which is defined as M = N V 2 /V 1 . To explain this phenomenon, the phasor diagram Fig. 2 (b) is employed, where the phasors v ab (1) , v cd (1) , i L (1) , v L(1) represent fundamental components of the voltages and current in Fig. 1 (b) . These phasors satisfy:
The angles between these phasors satisfy the law of sines:
For a given α (α = φπ ), a small M leads to a small γ and a large θ according to (2) and Fig. 2 (b) when M < 1. A large θ (the angle between v ab (1) and i L (1) ), results a high percentage of the reactive power. The circulating current will increase further as M decreases. Various methods have been proposed to suppress the circulating current and to improve the DAB efficiency. These methods can be categorized into two types, hardware methods and duty cycle methods. . Typical circuits to suppress the circuiting current using unidirectional diodes [34] - [36] . 
A. HARDWARE METHODS
Replacing the bidirectional power switching devices with unidirectional diodes can suppress the circulating current as shown in Fig. 3 , where the power transfers from left to right side. Simply turning off the power switches in one of the secondary legs, as shown in Fig. 3 (a) , can block the circulating current on the secondary side [34] , [35] . Fig. 3(b) shows a method that can suppress the circulating current on both primary and secondary sides, where additional power switching devices S p , S s can be added [36] . These two methods are straightforward, however, the automatic bidirectional power flow capability is sacrificed and maximum transferred power of these circuits are also smaller than that of a normal DAB. In addition, in the method shown in Fig. 3(b) , there are additional conduction and switching losses, and careful modulation is required to give freewheeling paths for the inductor current.
Varying the circuit between full-and half-bridges (termed as hybrid bridge) to let the actual voltage gain around unity can also reduce the circulating current. By adding two blocking capacitors (C bp , C bs ), the circuits in Fig. 5 (a) on both primary and secondary sides can operate as full-or half-bridges depending on the voltage gain M [37] . For instance, when M = NV 2 /V 1 = 0.5, switching S 2 off and S 2 on, the primary side circuit becomes a half bridge, and C bp blocks the dc-offset. However, this method is only effective at certain gain conditions (M is around 0.5, 1, or 2).
FIGURE 5.
Varying the circuit between full-and half-bridges: (a) using blocking capacitors [37] , (b) using two auxiliary power switches [38] . The hybrid bridge can also be realized by adding two auxiliary power switches as shown in Fig. 5 (b) [38] . The primary circuit operates as a full-bridge when S 5 , S 6 are off, and as a half-bridge when S 5 , S 6 are on and S 2 ,S 2 are off. The two auxiliary switches adds another degree of freedom to the DAB, actually, by coordinating the switching of S 1 , S 2 and S 5 , S 6 , v ab can output a four level voltage, and continuous variation between the half-and full-bridge is possible. The drawback is additional conduction and switching losses caused by the auxiliary devices.
B. DUTY CYCLE METHODS
An easier way to adjust the equivalent amplitudes of v ab , v cd is to regulate the duty cycles D 1 and D 2 as shown in Fig. 6 . v ab can be expressed using Fourier series [39] 
where Fig. 7 (a) [40] , [41] . These methods however cause additional switching losses. A more efficient way is to modify VOLUME 7, 2019 FIGURE 7. Methods to adjust D 1 , D 2 : (a) extra switching [40] , [41] (b) phase shift.
the phase shift angles between legs in both primary and secondary circuits, as shown in Fig. 7 (b) , in which g 2 and g 4 are shifted to left compared to conventional SPS modulation. It is possible to shift g 2 and g 4 to different directions to obtain the same D 1 and D 2 [42] .
Based on the number of phase shift ratios (D 1 , D 2 and φ) are manipulated, the phase shift methods to suppress circulating current can be classified as
controlled for output voltage regulation.
• Dual phase shift (DPS), besides φ, another degree of freedom is introduced to suppress the circulating current, and there are two possible ways: one is to regulate D 1 or D 2 depending the voltage gain M [43] - [46] , and the other is to regulate both D 1 and D 2 , but let [33] , [47] - [49] .
• Triple phase shift (TPS), D 1 , D 2 and φ are controlled independently [39] , [50] - [58] . To find the optimal phase shift ratios, the first thing is to select a proper parameter to indicate the amount of circulating current. There is a wide choice in literature, in the time domain analysis, the total power losses [45] , [48] , reverse power [46] , [55] , RMS value of inductor current i L [58] , [59] and current stress (I s in Fig. 9 ) of i L [46] , [49] , [56] , [57] have been used. These parameters are all feasible as the increment of circuiting current will increase total power losses, reverse power, RMS value of i L and current stress. In terms of calculation simplicity, the current stress of i L is the best choice as all other parameters themselves require intensive calculation in a DAB.
When DAB is modulated using DPS or TPS, the phase shift ratio φ cannot reflect the power transfer direction. An example is shown in Fig. 8 , where v ab (1) and v cd (1) are the fundamental frequency components of v ab and v cd respectively. Although φ < 0, v ab (1) is ahead of v cd (1) and the output power P > 0 (from v ab to v cd ). To avoid this difficulty, the outer phase shift ratio, D f in Fig. 9 , is defined [39] , [56] . D f represents the phase shift between the fundamental components of v ab and v cd , and is expressed as:
Although DPS can reduce the DAB circulating current to some extent, their phase shift variables (D 1 , D 2 , φ) are only FIGURE 10. Different frequency components of active power of a DAB modulated using SPS: P 1 , P 3 , and P 5 represent the fundamental, third, and fifth component [39] .
locally optimized [56] . This is also the case for preliminary TPS methods including triangular and trapezoidal modulation methods, whose name comes from the inductor current shape [50] , [51] , [59] , [60] .
With different operating modes and three degrees of freedom, it is challenging to obtain the global optimal TPS parameters for a DAB. The first way is to approximate square voltages and inductor currents using fundamental components [39] , [52] , [53] . Fig. 10 shows different frequency components of the active power of a DAB modulated using SPS, and the fundamental component is dominant and can be used approximate the whole power [39] . Based on the fundamental component approximation (FCA), the optimal D 1 , D 2 , φ are obtained by maximizing fundamental power factor [39] , minimizing amplitudes of i L fundamental component [52] , or minimizing fundamental reactive power [53] . A typical control block diagram to implement these FCA methods is shown in Fig. 11 . The derivation and implementation of FCA methods are simple and straightforward, and can significantly improve the DAB efficiency, nevertheless, FCA of square voltages, inductor current or output power introduce large errors when either D 1 or D 2 is close 0 according to (3) and resultant phase shift ratios are not actually the optimal choice in terms of circulating current minimization.
The other way to derive the optimal phase shift ratios is to analyze DAB in different operating modes in the time domain. This is challenging as a DAB can operate in four different scenarios (forward/backward, buck/boost) and each scenario has different operating modes. It is revealed in [61] that different operating scenarios are equivalent to each other and only one of the scenarios, for instance the forward/buck, requires detailed analysis. In the forward/buck scenario, different operating modes have to be considered as the expressions of the output power are different for each mode. Krismer and Kolar have classified DAB into 12 different modes and pointed out 6 of these modes only increase RMS current of i L without increasing the power transfer capability [54] . Jain [55] , [56] , [61] .
Based on the mode classification in Figs. 12 
FIGURE 15.
Optimal phase shift ratios (forward/buck scenario) to achieve minimum circulating current [55] - [58] .
φ using the Karush-Kuhn-Tucker (KKT) method and numerical comparisons [56] . Hou et al. also deduced the optimal D 1 , D 2 , φ using the Lagrange multiplier method (LMM), though some of the operating modes are not considered [57] . Huang et al. and Hou et al. derived the same optimal phase shift ratios minimizing RMS value of inductor current i L and the derivation process is more complex compared to [56] , [57] . The derivation of [56] , [57] is simplified in [61] , which proves operating points of Mode 1, 2 and 5 can be mapped into that of Mode 3 with lower conduction losses. As an example shown in Fig. 14 , shrink of v ab at the rising and falling edges can let the DAB operate from Mode 2 to 3, this conversion does not change the output power, but the RMS value of i L in Fig. 14 (b) is reduced [61] . This conversion can significantly simplify the derivation process.
The time domain analysis [55] - [58] has found the optimal phase shift ratios to achieve the minimum circulating current, as shown in Table 1 and Fig. 15 , where P n is the normalized output power:
However, modulating the DAB using this strategy does not always guarantee the highest efficiency due to the loss of ZVS-on under light load conditions [52] , [61] . As shown in Fig. 15 (a) , when P n ≤ M (1 − M )/2, six power devices (two in the primary side and four in the secondary side) turn on when i L = 0 and energy stored in C ds in these devices is dissipated. Actually certain amount of circulating current is required to achieve ZVS-on of power devices [62] , and the phase shift ratios derived using FCA [39] , [52] , [53] have a wider ZVS-on range. Section III will discuss this topic. In addition, the phases shift ratios derived using time domain analysis usually involves various modes and are more complex than that obtained using FCA.
III. ZVS-ON
ZVS-on is more desirable than ZCS of the converters that employ MOSFETs [63] . The most significant switching loss of hard switching MOSFETs are the losses induced by the diode reverse recovery and the energy stored in the MOSFET output capacitance. Turning MOSFET on at zero voltage also eliminates the overvoltage problems associated with parasitic inductance and improves the drive reliability.
This section will firstly give the ZVS-on condition for DAB modulated using SPS, then methods to expand the ZVS-on region are reviewed.
A. ZVS-ON RANGE USING SPS
The ZVS-on range is firstly derived assuming ideal power devices and transformers without considering the device parasitic capacitance and transformer magnetizing inductance. With this assumption, the power devices achieve ZVS-on if the current goes through the anti-parallel diodes at the turnon point. As shown in Fig. 16 Compared Fig. 16 (a) and (b) , the power devices tend to lose ZVS-on when the output power decreases (φ decreases) and the conversion gain M moves away from unity. This phenomenon can be explained using the phasor diagram in Fig. 17 , where v ab (1) , v cd (1) and i L (1) in Fig. 17 (a) and (b) are fundamental component phasors of v ab , v cd and i L in Fig. 16 (a) and (b) respectively. To maintain ZVS-on for all devices, i L (1) should lag v ab (1) and lead v cd (1) (within the triangle composed by v ab (1) , v cd (1) and v L (1) ) if the fundamental component approximation is used. Similar analysis can be conducted when M > 1 as well, and the corresponding phasor diagram is illustrated in Fig. 18 . To let i L (1) within the triangle composed by v ab (1) , v cd (1) , we obtain:
where α is angle between v ab (1) and v cd (1) . When SPS modulation is used, (6) can be written as:
This equation is the ZVS-on requirements using FCA, and this requirement cannot be met when M is away from unity or α (α = φπ) is small (light load condition). From Figs. 17 and 18, we also note that it is always the power devices on lower voltage side tend to lose ZVS-on: when M < 1 (Fig. 17) , the primary side devices can always realize ZVSon, but the secondary side devices may lose ZVS-on; while M > 1 (Fig. 18) , the primary side devices may lose ZVSon. More precise ZVS-on boundary conditions considering multiple frequency components are derived in [64] . The above conclusions can be validated using the timedomain analysis. Based on the ZVS-on requirements i A < 0, i B > 0, the ZVS-on boundary is plotted in Fig. 19 (a) . It is easier to achieve ZVS-on under heavy load and when the gain is close to unity.
In practice, to fully achieve ZVS-on, the energy stored in the leakage inductor should be large enough to fully charge and discharge capacitances of the power switches [65] :
where k is the number of switching devices, I sw the inductor current at the switching instance, C s the effective output capacitance of the switching device, and V dc the left or right side dc bus the voltage. The presence of switch capacitances requires a minimum charge provided by i L during the dead time interval, thus the ZVS range for DAB is narrower than the ideal condition [66] . The calculation is presented in [67] , and the result is plotted as blue lines in Fig. 19 (b) .
An appropriate dead-time is required to complete the capacitance charging procedure. If the chosen dead-time is too short, a hard-switching or a partial ZVS will result. Assuming the current I sw and the voltage V dc remains constant during the switching transition, the minimum charging time is [65] :
where Q is the charge of the switching leg.
B. METHODS TO EXPAND THE ZVS RANGE
Essentially, most of the techniques in Section II to suppress the circulating current can expand the ZVS operating range. The control target of the circulating current suppression is to minimize the angle between v ab (1) and i L (1) , and the angle between v cd (1) and i L (1) , according to (2) . This will let i L (1) inside the triangle composed by v ab (1) , v cd (1) and v L (1) . The duty cycle methods that adjust D 1 and D 2 to let the equivalent gain M close to unity, can assist the ZVS-on according to (7) . Nevertheless, the TPS methods with minimum circulating current [55] - [58] cannot achieve ZVS-on in the whole operating range as explained in end of Section II. Actually, certain circulating current is required to charge and discharge the capacitance of power devices and the TPS methods derived using FCA [39] , [52] , [53] have a wider ZVS-on operating range. VOLUME 7, 2019 FIGURE 20. Phasor diagram of a DAB under the same output power: (a) low switching frequency and ZVS-on lost (b) high switching frequency, ZVS-on realized [65] , [68] .
FIGURE 21.
(a) Typical CF-DAB circuit (b) its key waveforms [71] , [72] .
Frequency modulation in Fig. 20 can expand the ZVS range [65] , [68] . Since the DAB output power P o ∝ 1/f , under light load conditions, a high f can maintain rather a large phase shift ratio α (α = φπ ) for a given power, such that the ZVS operation requirements (7) can be met. In [65] , the frequency f and phase shift angle φ are chosen such that, when the power devices at the lower voltage side switching, the inductor current i L is equal to a predefined value and able to charge/discharge the power device capacitances. Of course, there is limit on the switching frequency range to avoid transformer saturation.
A number of hardware methods have been proposed to expand the ZVS-on operating range. One of the most important innovation is the current fed DAB (CF-DAB) converter. Firstly proposed by F. Z. Peng et. al. [69] , CF-DAB gains growing recognition in energy storage and photovoltaic (PV) applications [70] , [71] . A CF-DAB integrates buck/boost converters and a DAB (Fig. 21 (a) ), and can regulate V 1 on the primary side capacitor C 1 by adjusting D and maintain a close-to-unity voltage gain under different load conditions as shown in Fig. 21 (b) , and the loss of ZVS and circulating current problems can be naturally solved [71] - [73] . Another desirable feature of a CF-DAB is the low current ripple. These features make CF-DAB a good choice in ESS applications. [75] , [76] .
FIGURE 23.
Expand ZVS-on range using additional controlled voltage source: (a) simplified circuit, (b) phasor diagram [78] - [80] .
A CF-DAB is easy to interleave more phases to reduce size of input dc inductors and dc link capacitors [74] .
Adjusting the inductor L depending on load conditions can expand the ZVS operating range, as shown in Fig. 22 [75] , [76] . Since the DAB output power P o ∝ 1/L, under light load conditions, a high inductance is inserted to maintain rather a large phase shift ratio φ, such that the ZVS operation requirements (7) can be met. The inductance of L can be adjusted by applying a bias current to L [75] or by paralleling a switch controlled inductor [76] , [77] , as shown in Fig. 22 .
The ZVS operation range can also be expanded by adding another controlled voltage source, as shown in Fig. 23 [78]- [81] . The operating principle is illustrated using the phasor diagram in Fig. 23 (b) . v ctrl is adjusted according to voltage gain and load conditions, such that i L (1) is inside the triangle composed by v ab (1) , v cd (1) and v L (1) , then all the power devices can achieve ZVS-on according to Figs. 17, 18 and (7) . v ctrl can be implemented by inserting an auxiliary circuit consisting of a transformer and a H-bridge [79] , [80] as shown in Fig. 24 , where the auxiliary H-bridge is in parallel with the DAB bridge circuit. The auxiliary H-bridge can also be in series of the DAB bridge circuit [81] .
Paralleling a switch controlled inductor to the DAB transformer can manipulate the current at the switching instance and hence expands the ZVS operation range, as shown in Fig. 25 [82] . The operating principle is illustrated using the phasor diagram in Fig. 25 (b) . By switching S a according to load conditions, the amplitude of i a is regulated to let i Ls (1) within the triangle composed by v ab (1) , v cd (1) and v L (1) . A similar circuit is presented in [83] . Decreasing the transformer magnetizing inductance, by increasing the magnetic core air gap, can also expand the ZVS range [84] . This will however increase conduction losses in power devices and the transformer due to the increased i L . Fig. 23 using an auxiliary circuit [79] , [80] . 
IV. CONCLUSION
Unmatched voltage gain and light load are the primary reasons of the large circulating current and loss of ZVS, and comprehensive explanations using fundamental phasor diagrams are presented. Various hardware and control methods have been proposed in literature to suppress the circulating current and expand the ZVS-on range, and the core idea of these methods is often to let the equivalent voltage gain close to unity.
Hardware methods often require additional power semiconductor devices, adding additional cost and losses and its expected improvements are often not as good as the control methods. However, current fed DAB is a very promising circuit that can maintain a close-to-unity voltage gain under different load conditions, and no additional power devices are required.
Varying switching frequency or inductance can increase phase shift angle under light load to extend ZVS range and can decrease phase shift angle at heavy load to reduce circulating energy and maintain ZVS-on. Of course, there is limit on the switching frequency range to avoid transformer saturation. In addition, in each switching frequency, it is possible to adjust duty cycle to suppress the circulating current.
Among the duty cycle methods, the time domain analysis has found the optimal phase shift ratios to achieve the minimum circulating current. This strategy can be useful in high power applications with high current and low switching frequency such as solid state transformers. In high frequency applications, however, this strategy does not always guarantee the highest efficiency due to the loss of ZVS-on under light load conditions. Certain amount of circulating current is required to achieve ZVS-on of power devices, this is the reason why the phase shift ratios derived using FCA have a wider ZVS-on range. It is beneficial to optimize the circulating current and ZVS-on issues as a whole and such attempts have been made by [51] , [62] . Four degrees of freedom, the three phase shift ratios and the switching frequency, can be considered during these optimizations [62] .
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